Multi-messenger astronomy, the coordinated observation of different classes of signals originating from the same astrophysical event, provides a wealth of information about astrophysical processes with far-reaching implications [1] [2] [3] [4] . So far, the focus of multi-messenger astronomy has been the search for conventional signals from known fundamental forces and standard model particles, like gravitational waves (GW). In addition to these known effects, quantum sensor networks [5] could be used to search for astrophysical signals predicted by beyond-standardmodel (BSM) theories [6] . Exotic bosonic fields are ubiquitous features of BSM theories and appear while seeking to understand the nature of dark matter and dark energy and solve the hierarchy and strong CP problems. We consider the case where high-energy astrophysical events could produce intense bursts of exotic low-mass fields (ELFs). We propose to expand the toolbox of multi-messenger astronomy to include networks of precision quantum sensors that by design are shielded from or insensitive to conventional standard-model physics signals. We estimate ELF signal amplitudes, delays, rates, and distances of GW sources to which global networks of atomic magnetometers [7, 8] and atomic clocks [9, 10] could be sensitive. We find that, indeed, such precision quantum sensor networks can function as ELF telescopes to detect signals from sources generating ELF bursts of sufficient intensity. Thus ELFs, if they exist, could act as additional messengers for astrophysical events.
Many of the great mysteries of modern physics suggest the existence of exotic fields with light quanta (masses 1 eV): the nature of dark matter [11] [12] [13] [14] [15] and dark energy [16] [17] [18] , the hierarchy problem [19] , the strong CP problem [20] [21] [22] [23] [24] [25] [26] , and the quest for a quantum theory of gravity [27] [28] [29] . Intense bursts of such ELFs could be generated by cataclysmic astrophysical events such as black hole or neutron star mergers [30, 31] , supernovae [32, 33] , or other phenomena, such as the processes that produce fast radio bursts [34, 35] . Due to the small masses of the ultralight bosons being considered as pos-sible ELFs, a high energy event is generally not required for ELF production. However, because of the feeble couplings of ELFs to standard model particles and fields, the ELF flux needs to be considerable in order for ELF signals to be detectable in experiments, especially in the case of ELFs from distant astrophysical sources. In particular, the high energies and unknown physics of binary black hole (BBH) mergers [36] leave open many interesting theoretical possibilities for ELF production. Remarkably, BBH mergers have already offered surprises: for example, GW150914 and GW170104 have been associated with unexpected gamma-ray emission [37, 38] .
Quantum sensors [39] such as atomic clocks and magnetometers are sensitive to gentle perturbations of internal degrees of freedom (energy levels, spins, etc.) by coherent, classical waves. This is in contrast to particle detectors such as those employed in observations of cosmic neutrinos [40] , gamma rays [41, 42] , and searches for weakly interacting massive particles (WIMPs) [43, 44] . The key point is that in order to be detectable by the quantum sensors considered in the present work, the astrophysical source must produce coherent ELF waves with high mode occupation number. For example, if an axion burst resulted in just a few axions reaching the Earth, the effects would not be detectable with clocks and magnetometers. Thus we focus our attention on coherent production mechanisms for ELFs [30, 31, 45, 46] rather than thermal (incoherent) production mechanisms [32, 33] .
There are several possibilities for the ELF production. Could a black hole merger produce a transient burst of energy in the form of an ELF that is observable to the outside world through the vibrations it induces in the event horizon [36] ? Much of the underlying physics of coalescing singularities in black hole mergers remains unexplored as it requires understanding of the as yet unknown theory of quantum gravity [36] . In addition, exotic scalar fields appear in theories that do not require invoking quantum gravity per se. For example, rotating black holes may be surrounded by dense clouds of exotic bosons (with up to 10% of black hole mass extracted by the clouds) that could lead to ELF bursts coincident with GW emission [31, [47] [48] [49] [50] . Scalar fields also appear in well-posed theories of scalar-tensor grav-ity [51] [52] [53] resulting in black holes and neutron stars being immersed in scalar fields. Modes of these fields can be excited during BBH or binary neutron star (BNS) mergers [54] . Scalar emission can be substantially enhanced due to dynamic scalarization [55] and by the fact that the scalar emission is monopole in character [56] . Scalar fields can be trapped gravitationally in neutron stars [57] and can be potentially released during the BNS mergers. If scalars are coupled to standard model particles and fields, they can be produced during BNS mergers. We refer the reader to a review on potential new physics signatures in GW events [58] . We also note that it has been proposed that there could be a direct coupling of spins to GWs [30] , which would lead to a signal potentially detectable with atomic magnetometers.
Considering the wide variety of speculative scenarios for ELF emission, here we take a pragmatic observational approach based on energy arguments. GW events can radiate great amounts of energy, a fraction of which could be emitted in the form of ELFs. We assume that some amount ∆E of the total energy emitted by the astrophysical event is converted into ELFs. The radiated energy in the form of GWs from recently observed BBH mergers is a few solar masses (M c 2 ) [59, 60] , whereas for recently observed BNS mergers the radiated energy in the form of GWs is 0.025M c 2 [61] , where only a lower bound on energy release is obtained due to uncertainty about the equation of state for the neutron stars. For the purposes of the following sensitivity estimates, we assume that it may be possible to have ∆E ∼ M c 2 of energy released in the form of ELFs from a black hole merger and ∆E ∼ 0.1 M c 2 of energy released in the form of ELFs from a BNS merger.
For concreteness, we assume that the emitted ELF is a spin-0 field φ(r, t) described by a superposition of spherically symmetric wave solutions to the Klein-Gordon equation: φ k (r, t) = A k r cos (kr − ωt + θ k ), where r is the radial coordinate, A k , θ k , k, and ω are the ELF amplitudes, phases, wavevectors, and frequencies, respectively. The spherically symmetric monopole emission pattern is characteristic of scalar-tensor gravity models [56] .
The ELF frequency ω and wavevector k satisfy the relativistic energy-momentum dispersion relation, ω(k) = (ck) 2 + Ω 2 c , where the Compton frequency Ω c = mc 2 / depends on the ELF mass m. We consider ELFs sufficiently far from the source that general relativistic effects (such as the gravitational redshift) can be ignored. We also ignore the effects of galactic dust [62] on the propagation and attenuation of the ELF waves.
We consider an emitted ELF burst of central frequency ω 0 and of a finite duration τ 0 , i.e. of bandwidth ∆ω ≈ 1/τ 0 or, equivalently, of characteristic energy ε 0 = ω 0 and width ∆ε. We decompose the wavepacket into spherical waves. Individual Fourier components propagate with different phase velocities as dictated by the dispersion relation. Higher frequency components propagate faster and we qualitatively expect a frequency-chirped ELF signal at the detector, as shown in Figs. 1 and 2. The slope of the chirp is dω/dt ≈ −∆ω/τ , since due to energy conservation the frequency content of a wavepacket is preserved. This estimate is supported by explicit computations in the Supplementary Information.
With R being the distance from the astrophysical source to the sensor, the ELF-GW time delay is δt = (R/c)(c/v g − 1). In this formula, the wavepacket propagates over time t GW = R/c, which is ∼ a billion years for GW150914. Thus t GW is much larger than any reasonably observable time delay in an experiment (say δt < 1 week). Therefore, (c/v g − 1)
1, and so to be observed ELFs must be ultrarelativistic. In this limit, the ELF central frequency ω 0 and wavevector k 0 are related by photonic dispersion ω 0 ≈ ck 0 . The bandwidth of a quantum sensor fixes measurable ELF frequencies. For atomic clocks ω 0 /2π 1 Hz, for atomic magnetometers ω 0 /2π 100 Hz, and for optical cavities ω 0 /2π 10 kHz. These frequencies fix energies ε 0 of detectable ELFs to below 10 −14 eV for clocks and 10 −10 eV for cavities. Since the dominant fraction of these energies is of kinetic nature, the fields are necessarily ultralight, mc 2 ε 0 . Emitted ELFs are copious ( 10 70 for ∆E ∼ 0.1M c 2 and ω 0 = 2π × 10 kHz). The resulting mode occupation numbers at the Earth are macroscopic and therefore ELFs would act as coherent classical fields at the sensors.
The time delay of the ELF signal with respect to the GW burst is described by δt = tGW 2 (Ω c /ω 0 ) 2 . As δt t GW , the Compton frequency Ω c ω 0 , consistent with ELFs being ultrarelativistic. The duration τ of the ELF pulse at the sensor can be estimated as τ ∼ R∆v g /c 2 , where the spread in group velocities ∆v g /c ≈ ∂ 2 ω/∂k 2 /τ 0 . This leads to a relation between the signal duration and time delay τ ≈ 2δt /(ω 0 τ 0 ). Since our approximations hold for sufficiently sharp ELF spectra, ω 0 τ 0 1, we require τ δt. The characteristic ELF amplitude A k0 at the sensor can be estimated by requiring that the total energy of the scalar wave stored in a shell of thickness cτ and radius R to be equal to the total energy ∆E, A k0 ≈ 1 ω0 c∆E 2πτ . In contrast to dispersionless spherical waves, the field amplitude at the sensor φ(R, t) scales as 1/R 3/2 , reflecting the additional pulse dispersion.
More detailed considerations (see Supplementary Information) yield the following approximate time dependence for an ELF signal at the sensor,
where t s = t GW + δt is the time of arrival of the center of the pulse (see Fig. 2 ). Note that the ELF frequency is time-dependent, ω(t) = (1 − (t − t s )/(2δt))ω 0 , FIG. 1. Effect of dispersion on the expected ELF signal at a precision quantum sensor. As the ELF burst propagates with the group velocity vg c to the detector, it lags behind the GW burst. Since the more energetic ELF components propagate faster, the arriving ELF wavepacket exhibits a characteristic frequency chirp. Time-frequency decomposition for an ELF signal for interactions with sensor that is linear in the ELF field. The spectral width of the pulse ∆ω is related to the initial pulse duration τ0 as ∆ω = 1/τ0. The frequency slope is dω(t)/dt = −∆ω/τ . For interactions quadratic in the ELF fields, the central frequency ω0 and the slope are doubled. exhibiting a frequency "chirp" at the sensor. The waveform, Eq. (1), is shown in Fig. 1 and its power-spectrum time-frequency decomposition is shown in Fig. 2 . The slope of the chirp (the line in Fig. 2 ) is given by dω/dt = −1/(τ τ 0 ) = −ω 0 /(2δt), consistent with the qualitative arguments presented above. Data analysis to search for ELFs can be carried out using the excess power statistic as discussed in the Supplementary Information.
ELFs can generate signals in quantum sensors via "portals" between the exotic fields and standard model particles and fields. Portals are a phenomenological gauge-invariant collection of standard model operators coupled with operators from the ELF sector [6] . We consider interaction Lagrangians that are linear, L (1) , and quadratic, L (2) , in the ELF φ. For magnetometers L
mag = f −2 q J µ ∂ µ φ 2 and for clocks, cavities, interferometers, and gravimeters: L
In these expressions, J µ is the axial-vector current for SM fermions, ψ e is the electron bi-spinor, F µν is the Faraday tensor, E Pl is the Planck energy, and f l,q , d e , d me , Λ me , Λ α are coupling constants. Quadratic interactions appear naturally for ELFs possessing either Z 2 or U (1) intrinsic symmetries [63] .
The L mag portals lead to fictitious effective magnetic fields that interact with atomic spins and thus are detectable with atomic magnetometers [7] . The L clk portals effectively alter fundamental constants [9] , such as the electron mass m e and the fine-structure constant α. Such portals can imprint measurable signals in atomic clocks [9] , cavities [64] and atom interferometers [65] . The L clk portals also modify the Earth's gravitational potential and thus can be detectable with gravimeters [65] .
ELFs interacting through any of the enumerated portals would drive frequency-chirped signals in quantum sensors (Figs. 1 and 2), provided the sensors have sufficient sensitivity and bandwidth. The coupling strengths determine, for a given ELF intensity, the relative signal amplitude detected by the particular sensor. In the Supplementary Information we show that the sensors can detect ELF bursts as long as the coupling constants satisfy
Here K X is the sensitivity coefficient to a variation in fundamental constant X = {m e , α, . . .}, ∆ t is the sensor sampling time interval, σ m (∆ t ) is the magnetometer Allan deviation over ∆ t (in units of energy), σ y (∆ t ) is the dimensionless clock/interferometer Allan deviation for fractional frequency excursions, and N s is the number of sensors.
Astrophysical observations and laboratory experi-ments set constraints on the coupling strengths between ELFs and standard model particles and fields [6] . Using the above sensitivity estimates, we find that the current generation of atomic clocks is sensitive to quadratic portals L (2) as the prior constraints on such interactions are much weaker than those for the linear portals L (1) . Several networks of precision quantum sensors are already operational. An example of an atomic clocks network is the Global Positioning system (GPS), nominally comprised of 32 satellites in medium-Earth orbit. The satellites house microwave atomic clocks and they have been used for dark matter searches [67, 68] . Combined with other satellite positioning constellations and terrestrial clocks, N s ∼ 100. Another network is a trans-European fiber-linked network (N s ∼ 10) of laboratory clocks [69] whose accuracy is vastly superior to the GPS clocks. As for magnetometers, the Global Network of Optical Magnetometers for Exotic physics (GNOME) is a network of shielded optical atomic magnetometers with subpicotesla sensitivity. GNOME specifically targets transient events associated with beyond standard model physics [7, 8, [70] [71] [72] . Presently GNOME consists of N s = 12 magnetometers located on three continents [72] .
As an example, in Fig. 3 , we plot the projected sensitivity to a putative ELF burst emitted during the BNS merger GW170817 (R = 40 Mpc). It is clear that existing clock networks can be sensitive to ELFs for a typical GW event (either BNS, BBH or BH+NS mergers) registered by GW detectors. If the sought ELF signal is not observed, the sensors can place constraints on theoretical models. The case of GPS is particularly intriguing as ∼ 20 years worth of archival GPS data is available and the dataset is routinely updated [73] . If an ELF signal is discovered in recent data, one can go back to pre-LIGO era and search for similar signals in the archival data. Another possibility is to correlate the catalogued short gamma ray bursts [74] or other powerful astrophysical events with the archival GPS data to search for ELF bursts. Although estimates show that the existing magnetometer network does not have sufficient sensitivity to probe unconstrained parameter space for an ELF burst from GW170817 with the assumed characteristics, planned upgrades will substantially increase GNOME's discovery reach, as discussed in the Supplementary Information.
Employing networks is crucial for distinguishing ELF signals from spurious noise. Furthermore, by having baselines with the diameter of the Earth or larger, one can resolve the sky position of the ELF source. This is a critical feature for multi-messenger astronomy that enables correlation with other observations of the progenitor. The leading edge of an ultrarelativistic ELF burst would propagate across the Earth in ∼ 40 ms. GNOME magnetometers presently have a temporal resolution of ≈ 10 ms, this can be improved to 1 ms with relatively straightforward upgrades [75] . The angular resolution ∆θ based on the ELF time-domain signal pattern is given roughly by the ratio of the temporal resolution to the propagation time through the network: for a temporal resolution of ≈ 1 ms this corresponds to ∆θ ≈ π/40 rad ≈ 2 • . Additionally, since the ELF gradient points along the ELF velocity vector, the relative signal amplitudes in magnetometers with different sensitive axes enables a second method of angular resolution of the source's sky position. The signal amplitude pattern in the network would yield an angular resolution (in radians) roughly equal to the inverse of the signal-to-noise ratio for the ELF detection.
Unlike magnetometers, atomic clocks and atom interferometers have a relatively low ∼ 1 Hz sampling rate. As a result, terrestrial or satellite clock networks cannot be used to track the ELF burst propagation. The ELF propagation time across the GPS constellation is 0.2 s, which is comparable to the 1 s sampling interval in GPS datastreams. Nonetheless, clock networks can still act collectively, gaining √ N s in sensitivity and vetoing signals that do not affect all the sensors in the network. To mitigate the low sampling rate, one can envision increasing the baseline, similar to recently proposed [76] space-based GW detectors relying on atomic clocks and atom interferometers. Another possibility is a small-scale (∼ 10 km) terrestrial network of optical cavities which allow for 10 kHz sampling rate. Each node of such a network would contain two cavities [64] : one with a rigid spacer and the other with suspended mirrors. An ELF-induced variation in fundamental constants would change the length and thus the resonance frequency of the former while not affecting that of the latter. The ELF sensitivity of a cavity network is similar to that of the clock networks shown in Fig. 3 .
In conclusion, we have demonstrated the ability of global networks of precision quantum sensors to detect exotic low-mass fields (ELFs) that can be plausibly emitted from high energy astrophysical events, potentially making ELFs new messenger modality in the growing field of multi-messenger astronomy.
SUPPLEMENTARY INFORMATION ENERGY DENSITY FOR SPHERICAL WAVE OF ULTRARELATIVISTIC SCALAR FIELD
In the main text we expand the real-valued scalar field in spherical waves,
Here r is the radial coordinate, A k and θ k are the ELF amplitudes and phases and k and ω are ELF wavenumber and oscillation frequency. The field φ k has units of M 1/2 L 1/2 T −1 and the amplitude A k has the units of
The energy density ρ is given by the 00 component of the stress-energy tensor [77] ,
where m is the mass of the scalar. Explicitly, for a spherical wave (6),
where · · · stands for the argument of cosine in Eq. (6) . We neglect terms of order 1/r 3 , take the time average over many field oscillations, and employ the ultrarelativistic limit, ω ≈ ck mc 2 / . The resulting energy density reads
DISPERSION OF ULTRA-RELATIVISTIC MATTER WAVE PULSE Any type of wave will disperse upon propagation as long as the dispersion relation ω(k) has a nonzero second derivative with respect to k. This ensures that the group velocity is a function of k. Here we focus on an analytically tractable case of a Gaussian wavepacket composed of ultrarelativistic scalar fields.
Dispersion relation in the ultrarelativistic limit -We start with the Klein-Gordon equation for the scalar field φ(r, t), (∂ µ ∂ µ + m 2 c 2 / 2 )φ(r, t) = 0. Focusing on the spherically-symmetric solutions (s-waves, characteristic of scalar emission in scalar-tensor theories), we define φ(r, t) = u(r, t)/r. Then the Klein-Gordon equation reduces to the 1D wave equation for massive scalar fields
Substitution of u(r, t) ∝ exp(ikr±iωt) leads, as expected, to the relativistic energy-momentum relation
i.e., the dispersion relation in the main text. Of course, it holds for waves of arbitrary angular momentum. We recognise here that ω 0 = ω(k 0 ). In the ultrarelativistic limit, ck mc 2 / , the energy of an individual scalar ε ≈ c|k|.
We can further expand ω(k) around a characteristic
where we keep terms up to second order only. This parabolic approximation holds as long as |k − k 0 | k 0 or, equivalently, when the energy spectrum of emitted scalars is sufficiently sharp, ∆ε ε 0 , or ω 0 τ 0 1. One can immediately identify the group velocity
and the characteristic spread in group velocities
where ∆ε = /τ 0 . Finally, the time lag between gravitational wave (GW) and ELF bursts at the sensor a distance R away from the progenitor is
Eqs. (13) (14) (15) are the relations used in the main body of the paper.
To illustrate the effect of the delay on the detectable ELF mass m, Fig. 4 shows the accessible parameter space for an ELF burst associated with the GW170608 BBH coalescence event [78] assuming that the delay δt is less than 10 hours.
The general solution to the 1D wave equation is a superposition of waves weighted by Fourier amplitudes a(k),
with the dispersion relation (11) . The initial conditions define the Fourier amplitudes [79] Astrophysical parameters are taken for the GW170608 BBH coalescence event [78] : the distance to the source R ≈ 10 9 ly and the characteristic duration at the source is τ0 ≈ 1 s. The ELF frequency ω0/(2π) corresponds to the center frequency of the chirped pulse observed with the quantum sensor network.
Propagation and dispersion of a Gaussian wave packet -Specializing our discussion to a Gaussian wave packet [79] with initial wave amplitude A 0 , initial spatial width L 0 , and initial wavevector k 0 :
The outgoing wavepacket has the Fourier amplitude
which implies the well-known uncertainty relation between the characteristic spatial extent L 0 of the wavepacket and its width in momentum space ∆k ∼ 1/L 0 . Substitution of the above Fourier amplitude into Eq. (16) fully solves the problem of propagation. We will use the parabolic approximation (12) for the dispersion relation, which holds as long as ∆k k 0 , i.e., the characteristic wavelength of the field is much smaller than the initial spatial width L 0 . The parabolic dispersion allows the integral (16) to be evaluated in a closed form.
The final solution for φ(r, t) reads
with time-dependent pulse duration τ (t) defined as
and we have substituted L 0 /v g = τ 0 . The phase argument of the oscillatory part is given by
In these expressions, group velocity v g and its spread ∆v g are given by Eqs. (13) and (14) . Focusing on the sensor (t = t s ≡ R/v g ), we define the combination
where δt is the time lag (15) between the arrivals of GW and ELF bursts. When ξ 1, the duration of the signal at the detector
Another important feature of the analytical waveform (20) is that it has an amplitude that scales as τ (t) −1/2 , as expected from the total energy conservation arguments of the main text. To relate the amplitude A 0 to the total energy released in the ELF channel ∆E, we compute the energy density ρ(r, t), Eq. (7), for the Gaussian wavepacket (20) . In the ultrarelativistic limit,
While evaluating the derivatives of the field it is sufficient to keep the derivatives of the rapidly oscillating cos(θ(r, t)) factor. Then at a fixed time, we evaluate the pulse energy by integrating energy density over the space, leading to a time-independent value as expected. From here we express the amplitude A 0 in terms of the total energy,
ELF signal at the sensor -We define the instantaneous frequency ω(t) = dθ(R, t)/dt and expand it around the time the center of the pulse arrives at Earth,
The sign of the linear term is consistent with the qualitative expectation of higher frequencies arriving first, and lower ones last. The slope of the frequency chirp is given by
Then at the sensor, the Gaussian ELF burst has an approximate temporal waveform,
or, with Eq. (25) for the amplitude,
General envelope -The preceding analytical results explicitly demonstrate propagation and dispersion of a Gaussian wavepacket. These results hold for a much wider class of sufficiently well-behaved envelopes. Formally, this can be shown by applying the stationary phase method while evaluating the integral (16) for the parabolic dispersion relation (12) . The stationary phase method effectively reduces the wavepacket to a Gaussian and all the derived results immediately apply.
DATA ANALYSIS CONSIDERATIONS
The goal of this section is to outline a data analysis strategy and to establish projected sensitivity of the proposed search for a generic ELF signal. To reiterate, an arriving ELF wavepacket can be characterized by a set of three parameters
i.e., by the GW-ELF time delay δt, duration τ , and central frequency ω 0 (see Fig. 2 of the main text). Notice that the frequency chirp of the pulse is fixed by these parameters through Eq. (27) . Since our approximations hold for sufficiently sharp ELF spectra, ω 0 τ 0 1 (see Sec. ), from Eq. (23), we expect τ δt. Given the parameters (δt, τ, ω 0 ) and the known GW travel time from the progenitor t GW = R/c, one can fully determine other parameters. In particular, the ELF particle mass (cf. Eq. (15))
and the initial pulse duration
For a fixed total energy ∆E released into the ELF channel, the maximum field amplitude at the sensor is fixed to where we take the amplitude for the Gaussian envelope (29) as a fiducial value.
Considering a variety of ELF production scenarios, we leave the envelope of the arriving wavepacket undefined. This uncertainty can be incorporated into statistical analysis using the excess power statistic [80] . This method is based on the time-frequency decomposition of the data, and detects events based on their signature of having more power in a time-frequency interval than one expects from detector noise alone. Excess power is the optimal method for searching for events in situations for which only a rough idea of the frequency and duration of the signal is known [80, 81] .
Suppose the data streams from the sensors are sampled uniformly at a rate 1/∆ t -yielding a time series d with elements d 1 , d 2 . . . d j . . . d Ntot for a data set with N tot points. Each data point d j = s j + n j comprises contributions from both the sought ELF signal, s j , and intrinsic sensor noise, n j .
Using the discrete Fourier transform (DFT) in a sliding time window, the data stream can be partitioned into segments of time-and-frequency (tiles). Our goal is to quantify the power contained in each time-and-frequency tile of the data due to only noise, and thereby extract contributions due to putative ELF signals. To this end, the data stream can be split into two gross segments: before and after the electromagnetic or GW triggers on detectors on Earth. The noise characteristics can be fully determined from the pre-trigger data, since during that period d j = n j by our assumptions. We assume that the sensor noise is Gaussian distributed and stationary but not necessarily white (which, with appropriate filtering, is generally the case for the GNOME and GPS data [8, 82] ). Below we focus on a single sensor and later generalize to a network of sensors.
The time series d is partitioned into segments contain-ing N w elements. N w is chosen to be an even number for notational convenience. Each segment is associated with a data index w, coinciding with the mid-point of the partition: w = N w /2, 3N w /2, 5N w /2 . . ., and a time t w = w∆ t . The Fourier amplitudes for each time partition are then given byd
where index p enumerates DFT frequencies, and f p = p/(N w ∆ t ) ranges from zero to the Nyquist frequency 1/(2∆ t ). The DC (f p = 0) and Nyquist frequency amplitudes can be removed from the analysis since their statistical properties differ from the rest the amplitudes (see, e.g., Refs. [83, 84] ). This simplification does not alter the conclusions. Eq. (34) represents a 2D discrete map of complex time-frequency values. The frequency and time indices reference individual tiles (p, w) in such a map.
Using the pre-event data (d k ≡ n k ), we determine the (two-sided) power spectral density (PSD) of the sensor noiseC
where the averaging is over multiple pre-event time windows. The post-event data PSD is normalized to the noise PSD
The quantities E p,w quantify excess power in the (p, w) tile. 1 In the absence of the sought-after ELF signal, E p,w = 1. A time-frequency decomposition map for a Gaussian ELF wavepacket (29) is shown in Fig. 5 . We adopt the method of Ref. [80] to incorporate our knowledge about the expected ELF signals. In that work, the search method probes all tiles occupying a rectangular area in the time-frequency decomposition map. Here, we restrict the probed tiles to the "fat line" or "scar" areas spanned by the expected ELF signals. Indeed, the expected ELF signal with the fixed parameter triple (δt, τ, ω 0 ) contains significant power only in a subset of tiles, see Fig. 2 of the main text and Fig. 5 . Thereby, we define the excess power statistic E ELF by summing over the ELF-containing tiles
1 Note that our definition of excess power is larger by a factor of 2 compared to Ref. [80] .
We denote the total number of ELF-containing tiles as M . In the absence of noise in the post-event data, the total excess power contained in the ELF signal is
The probability distribution function for the statistic E is [85] p M (E|E ELF ) = (39)
where I M −1 (· · · ) is the modified Bessel function. This distribution can be recognized, up to a change of scale, as a non-central χ 2 distribution with 2M degrees of freedom. The mean and variance are given by
Next we would like to establish the discovery reach for E ELF at the 95% confidence level. To this end we compute the upper tail probability threshold given the observed value E obs of the statistic (38) (the observed value is computed with sensor data)
This is an implicit equation for detectable ELF signal power E 95% ELF . The above equation can be represented in terms of the Marcum Q-function, which is a part of standard mathematical libraries,
To find the sensitivity to ELFs, we assume that the ELF signal is well below the noise floor. Then in Eq. (42), E obs ≈ M , see Eq. (40) . Inverting the resulting equation in the limit M 1, we find
This result is consistent with the qualitative signal-tonoise ratio (SNR) arguments. SNR can be defined as
where we used Eq. (40) for the variance with only the noise contribution. Fixing the SNR value results in the same √ M scaling of the minimum detectable ELF power as in the more rigorous estimate (43) .
With these results, we can establish sensitivity to coupling constants characterizing ELF portals. We parameterize the ELF-induced signals in the sensor as
Here γ 1 and γ 2 are coupling constants to be constrained and C i are known constants determined by the particular sensor.
Next we compute E ELF , the excess power statistic (38) for the ELF signals (44) . The signal powers are normalized to the noise PSDC p . For a sensor exhibiting white noise of variance σ 2 , the noise PSD isC p = N w σ 2 and
The sum over ELF contributions can be simply evaluated in the limit when the temporal window size T w is much smaller than duration of the ELF burst τ . Then we can neglect the time variation in the ELF envelope over the window. In the window, the ELF frequencies span the frequency interval |dω/dt|T w = T w /(τ τ 0 ), where the slope is given by Eq. (27) . Without loss of generality, we require that this spanned frequency interval is smaller than the DFT frequency resolution ∆ ω = 2π/T w . We also require that adjacent windows map instantaneous ELF frequencies to distinct and adjacent DFT frequencies. Under these assumptions, the total number M of ELF-containing tiles and the "optimal" window duration
With the negligible ELF frequency variation over the window, the field PSD
where φ env (t w ) is the value of the ELF burst envelope in the window and p 0 corresponds to the DFT frequency nearest to the ELF frequency in the window. Summing over windows, we arrive at the minimal detectable ELF power
for the linear portal. To arrive at this result, we evaluated the sum in the continuous limit,
and used the envelope for the Gaussian pulse. Similar evaluation for quadratic portal leads to
Notice that for the quadratic coupling,
i.e., the central frequency and the slope are doubled, while the field amplitude is effectively reduced by √ 2. We ignore the DC contribution in our present approach, although the DC contribution can serve as an additional signature for the quadratic interactions.
In formulae (49, 50) , the ratio τ /∆ t can be recognized as the total number of sampled points during the ELF pulse duration. These formulas together with the minimum detectable excess power (43) yield the constraint on the coupling constant
for the linear coupling and
for the quadratic coupling. Here we used the total number of ELF containing tiles (46) and the optimal window size (47) . Since the ELF signal is coherent across a sensor network, the above constraints are improved by √ N s for a network of N s sensors (see more detailed discussion of statistical analysis for sensor networks in Refs. [83, 84, 86] ). Notice that the dependence on the ratio τ /τ 0 is weak and we drop this dependence. Then with the maximum field amplitude (33),
These constraints depend on the ELF central frequency ω 0 . The derivations in Appendix are valid in the limit ω 0 ∆ω = 1/τ 0 . Then to avoid DFT aliasing, it is sufficient to require that ω 0 π/∆ t , i.e., it is well below the Nyquist frequency. Or, explicitly,
While the upper limit is fixed by the sensor sampling rate, the initial ELF pulse duration τ 0 depends on production mechanisms. For a general search with τ 0 being a free parameter, the minimum detectable ELF frequency is on the order of the DFT (angular) frequency resolution, 2π/T w . Considering that the typical rate of LIGO GW detections is a few events per year, we can take T w 10 6 s, leading to (ω 0 ) min ∼ (2π) × 10 −6 Hz.
ATOMIC CLOCKS AND CAVITIES
In Appendix , we derived general constraints (53,54) on linear and quadratic couplings to ELFs for a generic quantum sensor. Here we specialize that discussion to atomic clocks and cavities.
Atomic clocks -Atomic clocks are quantum sensors which effectively compare frequency of an atomic transition with the resonance frequency of the local oscillator (LO). The LO is typically a reference optical or microwave cavity. The atoms (quantum oscillators) are interrogated with laser or microwave pulses outcoupled from the cavities. The cavity frequency is tunable and a feedback (servo) loop drives the LO frequency to be in resonance with the reference atomic transition. To tell time, the oscillations are counted at the source and converted to the time measurement by multiplying the count with the fixed and known oscillation period of the quantum oscillator. As cavity frequencies drift over time, locking LO frequencies to a stable atomic transition frequency is essential. Below we follow the simple model of atomic clock operation described in Ref. [83] and generalize it to the case of ELF detection.
In our preceding discussion, we assumed that the measurements were instantaneous; in practice, there is always a finite interrogation time t 0 for a single measurement. We assume that the next measurement is taken right after the previous one was completed. Then the DFT sampling time interval ∆ t = t 0 . Typical interrogation time t 0 for modern atomic clocks is on the order of a second. In our simplified model of an atomic clock, we ignore the LO-quantum oscillator feedback loop. Feedback operations typically take a few measurement cycles and would attenuate rapid changes in the atomic/LO frequencies.
Thus our analysis will hold in the limit when the period of the ELF oscillations is larger than the interrogation time, i.e., 1/ω 0 t 0 . This requirement is consistent with the DFT aliasing limit [upper limit in Eq. (55)].
Modern atomic clocks measure the quantum phase Φ of an atomic oscillator with respect to the local oscillator. The ELF-induced accumulated phase difference is
since the observable ELF oscillations are slow over the interrogation time, cf. Eq. (55). The resulting frequency difference is typically recorded as an error signal by the servo-loop. Thereby, we consider a time series of fractional frequency excursions
taken at t j = jt 0 ; j = 1, 2, , . . . N tot , with ν clock being the unperturbed clock frequency.
Atomic and cavity frequencies can be affected by varying fundamental constants, such as the fine structure constant α = e 2 / c and/or fermion masses m f . We consider a model where an ELF field drives such variations. Formally, these result from the following phenomenological Lagrangians (portals) that couple standard model (SM) fields and ELFs
L (1) int is linear in the exotic field φ, while L (2) int is quadratic. Here we used the Lorentz-Heaviside system of electromagnetic units that is common for particle physics literature. The structure of these portals is such that various parts of the SM Lagrangian are multiplied by exotic fields, with Γ's being the associated coupling constants (to be determined or constrained). In the above interactions, f runs over all the SM fermions (fields ψ f and masses m f ), and F µν is the Faraday tensor; one may include gluon, Higgs, or weak interaction contributions if desired. We refer the interested reader to the discussion of technical naturalness of such Lagrangians in Ref. [9] . In these expressions, the combination √ c φ is measured in units of energy, [E]. Then Γ 
The portals (58) and (59) lead to the effective redefinition of fermion masses and the fine-structure constants:
for the linear (n = 1) and quadratic (n = 2) portals, where m f and α are the nominal (unperturbed) values.
Atomic frequencies are primarily affected by the induced variation of the Rydberg constant, R ∞ = m e c 2 α 2 . Optical clocks can exhibit additional α dependence due to relativistic effects. Microwave clocks operate on hyperfine transitions and are additionally affected by the variation in the quark masses, m q and the strong coupling constant. The reference cavity is also a subject to the ELF influence. For example, the variation in the Bohr radius a 0 = α −1 /(m e c) affects cavity length L ∝ a 0 and thus the cavity resonance frequencies [82, 83, 87, 88] . Conventionally, one introduces coefficients κ X = ∂ ln ν/∂ ln X quantifying sensitivity of a resonance frequency ν to the variation in the fundamental constant X. Then
It is worth noting that there are exceptional cases of enhanced sensitivity to variation of fundamental constants, for example, in actively pursued, but yet not demonstrated, 229 Th nuclear clock [89] (κ α ≈ 10 4 , Ref. [90] ), and clocks based on highly-charged ions [91] (κ α 10 2 , Ref. [92] ). The above arguments presuppose instantaneous adjustment of the resonance/transition frequencies to the variation of fundamental constants, see Ref. [83] for further discussion. The sought ELF signal (57) is expressed in terms of the differential sensitivity coefficient
where n = 1 or 2 for the linear and quadratic portals respectively. Here we introduced the effective coupling constants
with the sum over all relevant fundamental constants. Comparing Eq. (61) with our generic ELF signal template (44) leads to the identification γ n = Γ (n) eff and C n = ( c) n/2 . To apply the derived constraints (53,54), we also need to make an assumption about the nature of the measurement noise, which for atomic clocks is characterized by the Allan deviation σ y (τ meas ), where τ meas is the measurement time. If the Allan deviation scales as σ y (τ meas ) ∝ 1/ √ τ meas , the measurement noise is dominated by the white frequency noise. Then in constraints (53,54) σ = σ y (t 0 ) = σ y (∆ t ) and we immediately arrive at constraints on the effective coupling constants (at the 95% C.L.)
Optical cavities -Atomic clocks have a relative low ∼ Hz sampling rate. Terrestrial networks of such clocks would not be able to track propagation of the ultrarelativistic ELF pulse through the network as discussed in the main text. One of the possibilities is to employ a network of optical cavities providing a much higher, 10 kHz, sampling rate. Each node would contain two distinct cavities: one with a rigid spacer and the other with suspended mirrors (without the spacer, similar to LIGO cavities). The resonance frequency of the cavity with a rigid spacer is affected by the variation of fundamental constants, while that of the cavity without the spacer is not. The experiment would involve comparison of these resonance frequencies. This scheme was proposed in the context of the search for ultralight dark matter [64] , and can be adopted for the ELF searches. The constraints (53) and (54) immediately apply with Γ (n) eff , Eq. (62), involving sensitivity coefficient of the rigid spacer cavity: K X = κ cavity X . Another related high sampling rate possibility is the three-arm Mach-Zender interferometer [93] , where the delays of laser pulse are compared while traveling through an optical cavity and an optical fiber.
Linear couplings-Here we focus on the linear coupling and assume for simplicity that one of the coupling dominates, e.g., Γ
(1)
α . This assumption is hardly necessary but it clarifies the role of the sensitivity coefficients K X . We recast the constraint (63) in terms of moduli [94] 
X , with E Pl = c 5 /G being the Planck energy.
or, in practical units,
Here, as the reference value for the Allan deviation, we took σ y (1 s) ≈ 10 −16 characteristic of modern optical lattice clocks [95] .
We focus on the electron mass modulus d me and the electromagnetic gauge modulus d e (X = α in this case). The most stringent limits on these moduli come from equivalence principle violation tests (see Fig. 1 of Ref. [94] ). For the parameter space relevant to clocks and cavities, the excluded regions are d e 10 −3 and d me 10 −2 .
Quadratic couplings -For consistency with prior literature, we rewrite the constraint (64) in terms of the energy scale Λ X = 1/ |Γ
Here we assumed that the variation in a fundamental constant X dominates (say, Γ
me ). In practical units,
The most stringent constraints on the energy scales Λ me,α 3 TeV and Λ mp 10 TeV (68) come from the bounds on the thermal emission rate from the cores of supernovae [66] . These authors analyzed emissivity of φ quanta due to pair annihilation of photons and other processes such as the bremsstrahlung-like emission. They also considered tests of the gravitational force which result in similar constraints; compared to linear Lagrangians these are mild, because the quadratic Lagrangians lead to the interaction potentials that scale as an inverse cube of the distance as only the exchange of pairs of φ's are allowed (for linear Lagrangians, the φmediated interaction potentials scale as the inverse distance). From the numerical pre-factor in Eq. (67), it is clear that a generic ELF search would probe energy scales well beyond the existing astrophysical and gravity test bounds. This is further illustrated in Fig. 3 of the main text.
MAGNETOMETERS
Atomic magnetometer measure the response of atomic magnetic moments to magnetic fields. We consider interaction Lagrangians [7] that are linear, L (1) , and quadratic, L (2) , in the spin-0 ELF fields φ,
In these expressions, J µ =ψγ µ γ 5 ψ is the axial-vector current for SM fermions and f l , f q are the characteristic energy scales associated with the linear and quadratic spin portals, respectively. The relevant contribution to the Dirac Hamiltonian can be computed as
leading to
Here we used identities γ 0 γ 0 = 1 and γ 0 γ i γ 5 = Σ i with the spin matrix
Atomic magnetometers, such as those employed in GNOME [8] , are sensitive to spin-dependent energy shifts. Computing the expectation value of these Hamiltonians, we arrive at the effective spin-dependent interactions:
equivalent to the non-relativistic Hamiltonians often seen in the literature (see, e.g., Ref. [6] ). The terms containing time derivatives of the φ field are neglected in the nonrelativistic limit for atomic electrons or nucleons as the γ 5 matrix mixes large and small components of the Dirac bi-spinors. S is the atomic or nuclear spin. The ELF Hamiltonians described by Eqs. (75) and (76) can be related to the general forms of the ELF interactions given in Eq. (44) through the following identifications:
where we have kept only the leading terms when taking the gradients of φ and φ 2 . Note that one must also take into account the atomic and nuclear structure [96] as well as geometrical considerations [8] to interpret magnetometer data in terms of couplings to ELFs, but for the rough estimates presented in this work we ignore these details. With these identifications, from Eqs. (53, 54) we arrive at the constraints on the effective coupling constants (at the 95% C.L.):
Here σ m (∆ t ) is the magnetometer energy resolution. A typical GNOME magnetometer has a bandwidth of ≈ 100 Hz and, integrating over a time ∆ t , can measure the magnetic field with precision given by δB
where g is the gyromagnetic ratio (which depends on the atomic species used in the magnetometer) and µ B is the Bohr magneton. The prior astrophysical limits on energy scales are f l ≈ 2 × 10 8 GeV [97] and f q ≈ 10 4 GeV [7] .
ASTROPHYSICAL REACH OF EXISTING/PLANNED SENSOR NETWORKS
Atomic clocks -GPS is a network that is comprised of nominally 32 satellites in medium-Earth orbit (altitude ∼ 20, 000 km) and functions by using atomic clock transitions (based on either Rb or Cs atoms) to drive microwave signals which are broadcast to Earth [67, 68] . A network of specialized Earth-based GPS receivers measures the carrier phase of these microwave signals which is then used in the processing required to produce the GPS clock time-series data. Due to the network's advantageous spatial extent, the clocks on-board the GPS satellite constellation are used to comprise the network of precision measurement sensors, but the network can also include the ∼ 40 high-quality Earth-based receiver stations, several of which use highly-stable H-maser clocks, along with Rb, Cs, and quartz oscillators [68] . Due to their better noise characteristics, recent satellites in the constellation predominantly use Rb based clocks. As of August 2018, there were 30 Rb satellites and only one Cs satellite in operation. The GPS satellites are grouped into several version generations, called blocks: II, IIA, IIR, and IIF, with Block III currently under development. Newer generation satellites have improved noise characteristics of the satellite clock network [68] . The network can be extended to incorporate clocks from other Global Navigation Satellite Systems, such as the European Galileo, Russian GLONASS, and Chinese BeiDou, and networks of laboratory clocks.
Normally the GPS network data, as provided by the Jet Propulsion Laboratory (JPL), has a ∆ t = 30 s sampling time interval, but many Earth-based receivers probe the satellite signals at a higher rate. Search for ELFs calls for higher sampling rate in the generated clock data and recently the GPS.DM collaboration produced 1 Hz rate satellite clock data. This is the reason that we used ∆ t = 1 s in the main text and below. Such sampling time allows us to probe ELF frequencies up to the Nyquist frequency, 0.5 Hz. Notice that ∆ t = 1 s is still not fast enough to resolve a light-speed propagation event across the constellation even with the large ∼ 50, 000 km spatial extent of the satellite network, as a light-speed pulse would only be within the network for ∼ 0.2 s. Thus we treat the GPS network as one collective sensor for ELF search.
The sensitivity to linear coupling constants is given by Eq. (66) . Alternatively, one could use a fixed value for d e based on equivalence principle violation constraints d e < 10 −3 [94] , and solve for the maximum astrophysical range R. If we pick optimal values for the parameters in Eq. (66), this can function as a maximum sensitivity for the clock networks for the linear coupling case. For Rb GPS clocks, the sensitivity coefficient is K α = 2, and they have a typical Allan deviation σ y (1 s) ≈ 10 −13 . This leads to an astrophysical range of ≈ 10 4 ly for a detector network of N s ∼ 100 clocks, which is achievable with the incorporation of other satellite positioning networks. Optical clock networks have a much better Allan deviation [98, 99] and can reach farther than ≈ 10 5 ly, encompassing entire Milky Way. Potential future 229 Th nuclear clocks have a much higher projected sensitivity coefficient K α ≈ 10 4 [100] , and an Allan deviation σ y (1s) ≈ 10 −14 [101] . Nuclear clocks will allow for a maximum range of ≈ 10 8 ly, which is enough range to search for ELFs originating from sources as distant as the neutron star merger event GW170817. These estimates are reflected in Table I .
The sensitivity to quadratic couplings is given by Eq. (67) . The constraints on quadratic couplings are more relaxed than for the linear case (see Sec. ), allowing for probing much larger unconstrained parameter space. Using Λ α 3 TeV from Eq. (68) and using the same parameters as in the above discussion of the linear portal, we can compare the current limits with the best case sensitivity. We fix τ ∼ 100 s. For GPS Rb clocks, ELFs can be probed up to energy scales of Λ α ∼ 10 4 TeV. Optical lattice clock networks can probe energy scales up to Λ α ∼ 10 5 TeV and nuclear clocks up to Λ α ∼ 10 7 TeV. All of these clocks have a potential discovery reach encompassing the entire observable Universe.
Magnetometers -The astrophysical reach for a net- Advanced GNOME ( ) 10 −20 10 5 (10 8 ) 10 −13 (10 −4 ) 10 −6 (0.1) Ferromagnetic gyro ( ) 10 −25 10 10 (10 11 ) 10 2 (10 4 ) 10 5 ( 10 7 ) TABLE II. Estimated sensitivity to ELFs, astrophysical reach, volume probed, and ELF event rates for the linear (quadratic) couplings to magnetometers. Estimates are carried out for existing, planned ( ), and theoretically possible ( ) magnetometer sensor networks. Event rates assume an ELF energy release of ∆E ≈ M c 2 and a generic binary merger rate density of 10 3 Gpc −3 yr −1 . Here we assumes and ELF-spin linear coupling constant f l ≈ 2 × 10 8 GeV and quadratic coupling constant fq ≈ 10 4 GeV. For reference, the observable universe has a volume of 10 4 Gpc 3 , saturated in the case of theoretically possible ( ) sensor networks for the quadratic interaction. In the case of the quadratic coupling, a Fourier-limited signal with ω0 ∼ 10 −4 s −1 is assumed.
work of atomic magnetometers can be estimated based on the sensitivity of the magnetometers to spin-dependent energy shifts. The GNOME is just such a network of shielded optical atomic magnetometers specifically targeting transient events associated with beyond standard model physics [7, 8, [70] [71] [72] . Presently GNOME consists of N s = 12 dedicated optical atomic magnetometers [75] located at stations throughout the world (six sensors in North America, three in Europe, and three in Asia), with a number of new stations under construction in Israel, India, Australia, and Germany [72]. Each magnetometer is located within a multi-layer magnetic shield to reduce the influence of magnetic noise and perturbations while retaining sensitivity to exotic spin-dependent interactions associated with beyond standard model physics [102] , such as an ELF. The astrophysical reach of a GNOMEbased search for ELFs using the spin portals can be estimated based on Eqs. (2), (3), and (83), and is presented in Table II. In the near term, several stations around the world are upgrading their GNOME sensors to employ a dense polarized noble gas and a comagnetometer configuration, an experimental technique to search for beyond standard model physics pioneered by Romalis and coworkers [103] [104] [105] . The new global network of noble gas comagne-tometers will form an Advanced GNOME with an anticipated energy resolution a hundred times better than the existing GNOME, significantly increasing the astrophysical reach (Table II) . Finally, we note that there is ongoing long-term development of magnetometers based on levitated precessing ferromagnetic needle gyroscopes [106] [107] [108] [109] [110] , a technology that, in principle, could improve energy resolution by a factor of ∼ 10 7 compared to GNOME. These potential sensitivity improvements are noted in Table II .
For numerical estimates of potential astrophysical range explored, we assume (1) an ELF energy release of ∆E ≈ M c 2 for BBH mergers and ∆E ≈ 0.1M c 2 for BNS mergers (see reasoning in the main text), and (2) the maximum spin-dependent couplings consistent with existing astrophysical limits: f l ≈ 2 × 10 8 GeV [97] and f q ≈ 10 4 GeV [7] . For BBH mergers, Advanced GNOME will have an astrophysical reach for linear couplings of ≈ 10 5 light years, covering the entire Milky Way, and for quadratic couplings the astrophysical reach could be as large as ≈ 10 8 light years. For neutron-star mergers, the respective astrophysical reach is reduced by a factor of ≈ 3 due to the smaller ∆E. The present GNOME has a hundred times smaller astrophysical reach as compared to Advanced GNOME.
ELF EVENT RATES
The starting point for estimating the ELF burst rate is to determine the number of relevant astrophysical events in a given cosmic volume. In our case, we include BBH mergers, BNS mergers , and mergers of black hole with a neutron star (BH+NS), although ELF bursts may also come from other sources. Recent studies [61, [111] [112] [113] [114] [115] [116] based on observed GW events estimate the binary merger rates may be as large as γ(BBH) ∼ 200 Gpc −3 yr −1 , γ(BH + NS) ∼ 3000 Gpc −3 yr −1 , and γ(BNS) ∼ 5000 Gpc −3 yr −1 . We conclude that it is reasonable to assume a generic binary merger rate of γ ∼ 10 3 Gpc −3 yr −1 .
A cosmic volume of 1 Gpc 3 contains roughly 10 9 galaxies, so based on the above estimate for the merger rate γ, the rate of binary mergers in the Milky Way is ∼ 10 −6 yr −1 . This, for example, yields the expected event rate of Advanced GNOME for linear couplings, to have an astrophysical reach covering the entire Milky Way (Table II) . The same argument also yields the expected rate for a multi-network configuration of the GPS and Galileo satellite constellations (Table I) . Increasing the sensitivity of magnetometers and clocks has a dramatic impact on event rates: once a significant number of galaxies are within the astrophysical reach of the network, the cosmic volume probed becomes proportional to the cube of the sensor sensitivity.
Binary merger event rates within the Milky Way are 1/yr, and so it is exceedingly unlikely that GNOME or GPS will be able to detect an ELF burst coupled through the linear interaction correlated with a GW event in their current state of operation. The situation is more optimistic for ELFs coupled via the quadratic interaction as discussed in the main text. Future technologies [101, 106, 107, 117] offer the possibility of quantum sensor networks with much greater sensitivity and greater astrophysical reach.
